MATERIALS AND METHODS

FRUIT SELECTION
To obtain fresh peaches of varying maturity for the study, fruit was selected from the 1993 crop at a local commercial orchard when picking of the particular variety (cultivar) for the fresh market began, and additional samples were selected two and four weeks later. The first stage might be designated as shipping-ripe for local sale, the second stage as mid-ripe, and the third stage as treeripe. Three cultivars were included for the study. 'Dixired' was the earliest of the three to mature, followed by *Redhaven* and finally by 'Windblo'. Thirty peaches were randomly picked from several trees of each cultivar at each selection. From the sample of 30 fruits, an attempt to narrow the maturity range was made by taking nondestructive measurements that have been associated with maturity in experimental work (Forbus and Dull, 1990) . Hunter color values and delayed light emission measurements provided the basis for the selection of 5 fruits from each sample of 30 for subsequent intensive measurements. The color values are indicative of visible coloration, and the delayed light emission is a function of the chlorophyll present, which decreases as the fruit matures.
As peaches ripen on the tree, a red blush coloration develops on a portion of the fruit surface. This side is sometimes referred to as the "blush" side, and the portion away from the blush area as the "ground color" side. In these studies, permittivity and other properties of the fruit tissue were measured on both the blush and ground sides in case differences might be noted on the same fruit.
PERMITTIVITY MEASUREMENTS
The permittivity determinations were made by measurements with an open-ended, 3.6-mm (0.141-in.) diameter, semirigid, TeflonCD-insulated coaxial line with copper conductors, connected to a Hewlett-Packard 851 OB Microwave Network Analyzer. A 90° bend, 10 cm from the free end of the 3.6-mm coaxial line, provided a vertical coaxial probe to facilitate contact with the surface of the VOL. 38(2):579-585
Transactions of the ASAE sample to be measured. This free end of the probe was carefully cut, without distortion, perpendicular to the axis of the line and polished to form a smooth plane surface to contact the sample. The sample, a peach with a plane cut to remove sufficient peel and tissue to expose a circular area at least 25 mm in diameter, rested on a small laboratory jack so that a plane surface perpendicular to the probe axis could be brought carefully into complete contact without undue pressure against the tissue sample. The laboratory jack was supported on a small platfonn attached to the cabinet that housed the network analyzer.
The reflection coefficient at the dielectric interface at the tip of the probe is influenced by the permittivity of the material in contact with the probe and is measured by the network analyzer. The Hewlett-Packard 85070A Dielectric Probe Kit software (written for the HP open-ended 3.6-mm coaxial line probe) was used with the network analyzer and a Hewlett-Packard 98580A model 310 microcomputer to obtain the permittivity measurements. The principles of the measurement, calibration, and computations have been described by a number of authors (Stuchly and Stuchly, 1980; Athey et al., 1982; Kraszewski et al., 1983a, b; Grant et al., 1989; Misra et al., 1990; Xu et al, 1991) . For these measurements, the system was calibrated with a thin aluminum-foil short-circuit termination at the end of the coaxial probe, an open-circuit, and with the probe tip submerged in triple-distilled water. For these measurements, also, the ground-plane flange used for some open-ended probe measurements is unnecessary, and a probe without a flange permits much better visual observation to insure proper contact with the sample without compressing the tissue, which produces errors because of increased tissue density. Sample depths, which should be at least one probe diameter for the low permittivity limit, were much larger than necessary. Accuracy of the permittivity measurements is specified by Hewlett-Packard as typically 5%.
Measurements were all taken at 23° C ± 1° C. Before each measurement sequence, stored calibrations were checked by permittivity measurements on triple-distilled water. If, as rarely happened, the permittivity values did not match the proper values for water, new calibrations were performed.
Measurements were taken at three locations on the plane surface of the exposed peach tissue on a 21-mm-diameter circle that was marked on the tissue with a cylindrical cutter that was later used to remove core samples from the fruit. When the permittivity measurements were completed, the fruit was cut into halves, and the cylindrical cutter was used to remove core samples for the remaining measurements.
TISSUE DENSITY AND MOISTURE DETERMINATIONS
Core samples were cut from the fruits on both the blush and ground sides. These samples were cut with a 21-mmdiameter cylindrical cutter rotating slowly in a drill press (Nelson, 1980) . Plane surfaces perpendicular to the axis of the core samples were cut with a sharp knife to provide right circular cylinders with lengths of about 15 to 20 mm. Diameter and length measurements of these core samples, along with their weights, provided the information necessary for tissue density determinations. The same core samples were then dried in disposable aluminum dishes in a forced-air oven for 16 h at 100° C for moisture content determinations on a wet basis. Samples were cooled in a desiccator before final weighing for dry-weight determination.
TOTAL SOLUBLE SOLIDS DETERMINATIONS
Tissue samples for total soluble solids determination with a Bausch & Lomb Abbe-3L refractometer were cut from the fruits adjacent to the region from which the cylindrical core samples were taken. Samples were wrapped in Mira-cloth and squeezed in a garlic press to express a drop of juice which was applied direcdy to the refractometer prism surface. The refractometer provided total soluble solids readings directly. The total soluble solids percentage, being mostly sugars in fruits, is used as a measure of sweetness. The refractometer readings are frequently referred to as Brix readings, which are expressed in percent total soluble solids by weight.
FIRMNESS MEASUREMENTS
Peach tissue firmness measurements were made with a Magness-Taylor pressure tester with an 8-mm-diameter tip. The instrument measures the force in pounds required for the mechanical probe to penetrate into the tissue and is widely used for fruit firmness determinations. Measurements were taken after paring a small area on both the blush and ground sides of the five fruits that were selected as representative of each maturity group. The force measurements were then converted to Newtons.
RESULTS AND DISCUSSION
Averaged results for the five fruits of each cultivar from measurements taken separately on the blush and ground sides of the peaches are presented in table 1 where the mean values and standard deviations are given for the wetbasis moisture content, the tissue density, total soluble solids content, and tissue firmness. Similar data for the Hunter color values and delayed light emission measurements taken on the fruit are presented in table 2.
The mean values and standard deviations for the dielectric constants and loss factors at 200 MHz and 10 GHz only are shown in table 3. Standard deviations for the 15 permittivity measurements on tissue samples from the blush and ground sides of the 5 fruits were generally less than about 2% for the dielectric constant and less than 2 to 10% for the loss factor.
The only consistent trend that can be noted for the variables listed in table 1 among all varieties, as related to stage of maturity, is that for tissue firmness, which shows a marked decline in values as the fruit matures. In table 3, a slight increase in G' at 200 MHz may be noted with maturity, but e" at 200 MHz shows little dependence on stage of maturity. On the other hand, at 10 GHz, G" tends to increase somewhat with maturity, whereas G' does not show any consistent trend with maturity across the cultivars.
These relationships are visualized better with data presented in graphical form for all of the frequencies at which permittivity data were obtained. Permittivity data for blush and ground sides of the same fruit are very consistent, indicating minimal variation with location, so the permittivity data were averaged over both location and number of fruits for each maturity stage. These data are shown for the 0.2 to 20 GHz range in figure 1. Examination of these curves suggests that the G' values at lower frequencies and e" values at higher frequencies should be useful in sensing stage of maturity. For example, the increase in G' from 70 to 77 at 0.2 GHz, as the Dixired peach tissue matured ( fig. 1) , and the increase in G" at 10 GHz from 27 to 31, as maturity increased, should be useful in distinguishing differences in maturity. Other frequencies could be chosen, but based on the differences evident for the three cultivars illustrated in figure 1 , frequencies of 0.2 and 10 GHz should be good selections for distinguishing differences. Consequently, a permittivity maturity index, Mp based on the real part, G', at 0.2 GHz and the imaginary part, follows:
at 10 GHz was postulated as Mp=l^:l^^±Mi 100
(1)
In equation 1, values for G' are about 70 and those for G" are about 30. Thus, dividing the sum of the two by 100 tends to normalize the expression providing an Mp value close to unity. A second maturity index based on permittivity data was also formulated, which utilizes both the real and the imaginary parts at each of the two frequencies. Since G' shows the most variation with maturity at 0.2 GHz and G" defined product of the two ratios is simply the ratio of the shows more dependence on maturity at 10 GHz, their loss tangents at the two frequencies: product should also be useful. However, to incorporate both real and imaginary parts of the permittivity at each / ^\ frequency, the ratios G7G" at 0.2 GHz and &''le' at Mu^^i^^-^ 10 GHz can be taken for the product. Since the loss (tan 8)0.2 tangent, tan 8, is defined as the ratio ^"l^\ this newly It is interesting to replot the data from figure 1 . 5 ), or at some higher frequency, might also be used alone as a maturity index. Based on permittivity data at 8 GHz, the loss factor, alone, might be considered (fig. 6) . However, an index based on two frequencies or real and imaginary parts of the permittivity should be expected to have wider application.
It must be noted that the maturities of the different cultivars used in this study, are not necessarily the same in a given stage, 1, 2, or 3. No widely accepted quantification for maturity in peaches is available, so the proposed permittivity-based maturity indices cannot really be compared well across cultivars. In fact, maturities of the five fruits selected for each cultivar vary, and we have taken an average over these five fruits as representative of a stage of maturity for that cultivar. For this reason, we also examined the relationships between the proposed permittivity-based maturity indices calculated for each fruit and the other factors measured for the individual fruits.
Including the measurements on both sides of each fruit, this provided 30 data points for fruit of each cultivar which could then be correlated across the whole range of maturities represented for each factor of interest. Plots for all of the various relationships for each cultivar were made, and those for the 'Dixired' cultivar are shown in figures 7, 8, 9, and 10 for maturity indices and firmness. Firmness and delayed light emission were the only factors that appeared to show reasonable correlations with the permittivity-based maturity indices over all three cultivars. However, regression analyses were performed to provide coefficients of determination and other statistics for correlations between the maturity indices and firmness, delayed light emission (DLE) and total soluble solids (TSS). Results of these computations are summarized in table 5, where the coefficients of determination, r^, are shown for each indicated correlation. Several of the permittivity-based maturity indices are reasonably well correlated with both tissue firmness and delayed light emission data. Total soluble solids percentages had a narrower range than is sometimes noted as peaches mature and are not well correlated with the permittivity-based maturity indices. Since none of these factors is an absolute determinant for degree of maturity, high correlations with the microwave permittivity-based maturity indices is not an essential test for the usefulness of these indices. Also, the wide variations in firmness, DLE, and TSS measurements (table 1) contributed to the lowered r^ values. However, reasonable correlations with firmness and delayed light emission and the relationships between the indices and stage of maturity indicated by the averaged data (figs. 3, 4, 5, and 6) do provide evidence of potential usefulness of such indices for fruit separation. techniques of utilizing the dielectric properties for maturity sensing.
CONCLUSIONS
The dielectric constant and loss factor, real and imaginary parts, respectively, of the complex relative permittivity of peach tissue vary significantly with frequency over the range from 200 MHz to 20 GHz. Variations in the dielectric constant with stage of peach maturity at 200 MHz and similar variations in the dielectric loss factor with maturity at 10 GHz can be combined to form a maturity index. One such permittivity-based maturity index is the ratio of the loss tangents at the two frequencies, which can be used to distinguish stages of maturity. Further effort would be required to develop reliable maturity indices for practical use in rapidly and nondestructively sensing and quantifying the stage of peach maturity.
This study has established a basis for the possibility of sensing different stages of maturity in peaches through their dielectric properties. The task of accomplishing this feat in a practical way remains to be explored. Since the values appear to be diverging, with respect to maturity differences, as the lower frequency limit of this study is approached, there appears to be justification for exploring the permittivity differences that might be obtained as a function of maturity at lower frequencies. More basic measurements and analyses to better explain the relaxation of free and bound forms of water in the fruit tissues as they change with maturity may also suggest more efficient 
